Supernumerary B chromosomes (Bs), which are often preferentially inherited, 19 deviating from usual Mendelian segregation. This chromosome drive is one of the 20 most important features of Bs. Here we analyzed the drive mechanism of Aegilops 21 speltoides Bs and provide direct insight into its cellular mechanism. Comparative 22 genomics resulted in the identification of the tandem repeat AesTR-183 of Ae. 23 speltoides Bs, which also can be found on the Bs of Ae. mutica and rye, was used to 24 track Bs during microgametogenesis. Nondisjunction of CENH3-positive, tubulin 25 interacting B sister chromatids and an asymmetric spindle during first pollen grain 26 mitosis are likely components of the accumulation process. A quantitative flow 27 cytometric approach revealed, that independent on the number of Bs present in the 28 mother plant Bs accumulate in the generative nuclei with more than 93%. Nine of 29 eleven tested (peri)centromeric repeats were shared by A and B chromosomes. A 30 common origin of the drive process in Poaceae is likely. 31 32 33 Keywords 34 supernumerary B chromosome, chromosome drive, chromosome nondisjunction, 35 centromere, pollen grain mitosis, chromosome segregation, asymmetric spindle, flow 36 cytometry, Aegilops speltoides 37 38 39 Introduction 40 Supernumerary B chromosomes (Bs) are considered as dispensable chromosomes, 41 which under standard conditions do not confer advantages on the organisms that 42 harbour them. Bs are found in thousands of fungi, plant and animal species and are 43 thought to stand for a specific type of selfish DNA (Jones and Rees, 1982). Recent 44 advances in deciphering the sequence composition of B chromosomes provided a 45 unique opportunity for the analysis of the origin and evolution of this enigmatic 46 genome component. It was shown that the Bs of several plant and animal species 47 harbour gene-derived sequences. This allowed to trace their origin from duplicated 48 fragments of multiple A chromosomes of their host species (reviewed in (Ruban et 49 al., 2017). Hence, Bs could be considered as a by-product of standard chromosome 50 (As) evolution. 51 52 Often the transmission rate of B chromosomes is higher than 0.5, not obeying the 53 Mendelian law of equal segregation. The resulting transmission advantage is 54 collectively referred to as 'drive'. The maximum number of Bs tolerated by the host 55 varies between species and depends on a balance between the B chromosome 56 drive, and the negative effects, especially on fertility and vigour, caused by B 57 chromosomes if they occur in higher numbers (Bougourd and Jones, 1997). Among 58 the relatively small number of B chromosome-positive species that have been 59 investigated, relative to the total number of known species, there is a variety of 60 mechanisms of B chromosome drive that occurs before, during or after meiosis, while 61 in some cases drive has not been found (reviewed in (Austin et al., 2009; Burt and drive, the non-Mendelian inheritance of Bs could also be affected by mitotic and 64 meiotic instabilities. 65 66 The drive of the rye (Secale cereale L.) B chromosome is one of the best-analyzed 67 accumulation mechanisms amongst supernumerary chromosomes. Rye Bs do not 68 separate at anaphase of the first pollen grain mitosis and mostly are included in the 69 generative nucleus. In the second pollen mitosis, the Bs segregate normally into both 70 sperm nuclei (Hasegawa, 1934). Nondisjunction of rye Bs is likely caused by 71 extended cohesion of the B sister pericentromeres. Because of unequal spindle 72 formation at the first pollen mitosis, nondisjoined B chromatids preferentially become 73 located toward the generative pole and get consequently included into the generative 74 nucleus. The failure to resolve pericentromeric cohesion is under the control of the B-75 specific nondisjunction control region (reviewed in (Houben, 2017)). A comparable 76 accumulation mechanism takes place in the female gametophytes of rye 77 (Hakansson, 1948).
Notably, the tandem repeat AesTR-183 with a monomer length of 1090 bp displayed 140 also B-specific signals in the closely related species Aegilops mutica ( Figure 1E ). In 141 +B rye, AesTR-183 signals are localized in the nondisjunction-controlling region of 142 the B chromosome ( Figure 1F ). To test the presence of this repeat on the Bs of a 143 more distantly related grass species, AesTR-183 probe was hybridized to a Lolium 144 perenne accession carrying two Bs. However, no B-specific signal was found (data Flow cytometry enables to determine the accumulation of B chromosomes in 163 sperm nuclei 164 To quantify the accumulation of Ae. speltodies B chromosomes during pollen 165 development we applied a combination of flow cytometry, immunostaining and FISH. 166 Differences in size and shape of nuclei isolated from mature pollen grains (Figure 2A Depending on the number of Bs in the mother plant we detected one to three 182 additional nuclei populations at similar forward scatter signal intensities as detected 183 for the sperm nuclei of the 0B plants (Suppl. Figure 4A nuclei, which appeared unchanged, and the corresponding fraction of sperm nuclei.
188
In case of a 1B plant, one additional population of sperm nuclei appeared at a 189 position that indicates the presence of two B chromosomes. However, the majority of 190 sperms showed no Bs (Suppl. Figure 4B ). This observation is explainable by the fact (Table 2 ). In pollen of 2B plants almost exclusively sperm nuclei with two Bs were 199 detected (Suppl. Figure 4C ). In this case the two Bs frequently form bivalents during Figure 4D ) similarly as plants with 5Bs where nuclei with four and six B 205 chromosomes (Suppl. Figure 4E ) were detectable. For 3B plants the occurrence of 206 univalents, bivalents and trivalents was described (Mendelson and Zohary, 1972).
207
Resolving of these pairing structures preferentially results in spores with either one or 208 two B chromosomes finally leading to sperm nuclei with two or four Bs (Suppl. Figure   209 5). However, with a much lower frequency also sperm nuclei with no and six Bs could 210 be detected (Suppl. Figure 4D ). In plants with 5 Bs the number of potential pairing 211 configurations further increases. However, preferably either two or three Bs migrate (Table 2) . Figure 2E and Suppl. Figure 4B Figure 2H ) in a range of 1.7% to 6.1%. Based on these 234 cytological evaluations in combination with the flow cytometric profiles we were able to precisely determine the transmission of Bs to sperm nuclei (Table 2) Figure 2B ). Figure 4H ). Hence, the changes involved in the 245 formation of this B-variant did not affect the process behind the control of its 246 preferential transmission to sperm nuclei. To obtain visual insights into the cellular mechanism of B chromosome drive in Ae. 252 speltoides, we analyzed the dynamics of chromosomes at microgametogenesis. Figure 3A ). Micronuclei containing Bs were found in close 263 vicinity to the generative nucleus in 3.3% of pollen ( Figure 3B ). 3.3% of pollen 264 revealed B-specific signals in vegetative nuclei only ( Figure 3C ). 1.7% of pollen 265 revealed Bs in the generative nucleus and in micronuclei ( Figure 3D ). 6.7% of pollen 266 showed B-specific signals in both, generative and vegetative nuclei ( Figure 3E ). In all Figure 4C ). Comparing the distance between the spindle midzone and the 289 centromere positions of the generative (6.82 µm) versus the vegetative nucleus (7.97 290 µm) revealed that in most cases the spindle midzone is more proximal to the 291 generative nucleus (n = 10, t-test P<0.05) ( Figure 4D ).
292
In order to quantify the centromere size as a means for centromere activity (Zhang 293 and Dawe, 2012), the size of immunosignals was determined after anti-CENH3 294 labeling and B-specific in situ hybridizations of somatic mitotic +B metaphase cells.
295
No major differences in CENH3 signal size were found when we compared A and B 296 centromeres, although the amount of CENH3 slightly varied between the individual 297 chromosomes ( Figure 5A-B) . Similarly, we did not observe differences in CENH3 
The (peri)centromere composition differs between A and B chromosomes of 304
Ae. speltoides 305 Next, we asked whether the sequence composition differs between A and B 306 (peri)centromeres. Eleven (peri)centromere-specific repeats, originally described for 366 We provide direct insight into the cellular basis of the drive mechanism of the B 1 "*" represents the appearance of signal, "-" means no signal detected 2 "+" represents (peri)centromere colocolized with CENH3 antibody, "-" means no interaction, "n.d." no data available
